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Fluorescence polarization of helium negative-ion 
resonances excited by polarized electron impact 
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Behlen Laboratory of Physics, University of Nebraska–Lincoln, 
Lincoln, NE 68588-0111, USA; email: maseberg@bigred.unl.edu 
Abstract 
We have investigated helium (1s3d) 3D → (1s2p) 3P (588 nm) fl uorescence pro-
duced by electron impact excitation in the vicinity of the (2s22p) 2P and (2s2p2) 
2D negative-ion resonances at 57.2 and 58.3 eV, respectively. In contrast to pre-
vious work, we use spin-polarized incident electrons and report the relative 
Stokes parameters P1, P2, and P3 in the 55–60 eV region. Our failure to see 
discernable resonance effects in P2 indicates that even though the lifetime of 
these resonances is signifi cant (~10 fs), magnetic forces acting on the temporar-
ily captured electron are small. Resonant structures in the values of P1 and P3 
are observed because the polarization contributions of resonant states are gener-
ally different than those from direct excitation of the 3 3D state. 
Introduction 
Helium resonance structures located above the ionization potential were fi rst discovered 
in a transmission experiment by Kuyatt et al. [1]. Two features having energies near 57.2 
and 58.3 eV were then tentatively classifi ed as He− (2s22p) 2P and (2s2p2) 2D states by 
Fano and Cooper [2]. These designations have since been confi rmed [3, 4]. An accurate 
measurement of the resonance energies performed by Hicks et al. [5] found values of 
57.22(4) and 58.30(4) eV, respectively, which are in excellent agreement with other ex-
perimental and theoretical results [6, 7]. 
Numerous researchers have done electron transmission and energy-loss experiments 
to characterize these and other helium negative-ion resonances [8]. Another method of in-
vestigation consists of monitoring the fl uorescence of states that result from decay of these 
negative-ion resonances. In particular, the intensity and linear polarization of the 3 3D → 
2 3P transition have been studied following excitation with unpolarized incident electron 
beams [9–14]. (The resonance features in this transition are particularly pronounced.) The 
work we present here is similar, but uses incident spin-polarized electrons. The process of 
interest is 
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e + He (1s2) 1S → He¯(2s22p) 2P or He¯(2s2p2) 2D   
          → He(1s3d) 3D + e   
                   → He(1s2p) 3P + e + γ(588 nm).  (1) 
Interference between these channels and the direct excitation of the 3 3D state produces 
resonant features in the observed intensity well characterized by Beutler–Fano profi les 
[15, 16]. Cascade contributions from the 4p, 5p and 6p levels are responsible for ~50% of 
the observed 588 nm radiation in the 50–60 eV energy range [13]. However, the effects of 
the resonances on the emitted radiation from the 4p and 5p states are known to be small 
[10], and we expect the same for the 6p state. Therefore, subsequent cascades from these 
states to the 3 3D level do little to affect the resonance features we discuss below and will 
be ignored in the following discussion. 
The polarization of the emitted photons is described by Stokes parameters and has 
been shown to be sensitive to exchange effects and magnetic forces [17]. The Stokes pa-
rameters are defi ned in the standard way to be 
I = s0,       P1 = s1/ s0,       P2 = s2/ s0     and       P3 = s3/ s0,  (2) 
where s0, s1, s2, and s3 are the components of the Stokes vector. The parameter I represents 
the intensity of emitted photons. The P1 linear polarization represents the intensity asym-
metry for electric fi eld vectors aligned parallel and perpendicular to the electron beam 
axis. Similarly, P2 is the linear polarization given by the intensity asymmetry for electric 
fi eld vectors aligned parallel and perpendicular to an axis which is rotated by 45° from the 
beam. The circular polarization parameter P3 corresponds to an intensity asymmetry for 
right-handed versus left-handed helicity. 
When the electron beam is transversely spin-polarized and the scattered electrons are 
not detected, Stokes parameters P2 and P3 are not required to be zero as they are in the 
unpolarized case [18]. The motivation for this experiment was to investigate these val-
ues carefully as a function of incident electron energy near the resonances. Features ob-
served in these regions could be a signature of relativistic magnetic forces acting during 
the resonance lifetime. While such forces are generally small in light atoms, the resonance 
lifetime (~10 fs), roughly 50 times longer than the classical orbital period for n = 2 states 
of He, could reasonably be expected to enhance their infl uence. If electron spin preces-
sion occurred in the triply excited resonance due to magnetic forces, measurement of a 
non-zero value of P2 and variations in P3 would be allowed because spin could no longer 
be factored out of the interaction Hamiltonian. Equivalently, one could say that the com-
pound ion state was not well-LS coupled. In the case of P2, discernable structures near 
the resonance energies would be a clear indication that magnetic forces are present. Res-
onance structures in P3 can be caused by two processes, the fi rst being the magnetic inter-
actions discussed above. Alternatively, variations in P3 might occur because Coulombic 
interactions are generally different for the interfering resonance and direct channels lead-
ing to 3 3D formation. Since P3 depends on the initial distribution of ML states (which af-
fect P1 even more directly [17]), any difference between the resonant and direct ML dis-
tributions will yield a variation in P3 across the resonance profi le. 
Experiment 
Details of our apparatus have been previously presented [19–22], but a brief overview 
is given here. The apparatus is shown in fi gure 1. To obtain polarized electrons, an un-
FLUORESCENCE POLARIZATION OF HELIUM NEGATIVE-ION RESONANCES  4863
strained bulk GaAs photocathode is chemically etched and placed in the source cham-
ber. After bakeout, a base pressure of 1 × 10–8 Pa is reached. The crystal is then resistively 
heat-cleaned and activated with caesium and oxygen to produce typical photocurrents of 
5 μA mW–1 with incident 785 nm laser light. The helicity of the laser light determines the 
spin of the photoemitted electrons and is controlled by rotating a quarter-wave retarder. 
The electrons are electrostatically defl ected by 90° to produce a beam with transverse po-
larization and steered into a 5 cm long target gas cell. Helium pressure in the cell was kept 
at 8 × 10–2 Pa to minimize the effects of radiation trapping [13]. Electrons pass through 
the target cell and are collected in a Faraday cup. The collision energy is defi ned by the 
target cell voltage. Differential pumping regions isolate the source pressure from that of 
the target. The target cell is topped with a 50 mm plano-convex vacuum lens, upon which 
is mounted an optical polarimeter. Three optical stages consisting of a linear retarder, lin-
ear polarizer and interference fi lter are followed by another plano-convex lens that fo-
cuses light onto a cooled GaAs photomultiplier tube for photon counting. 
Data analysis 
Data are acquired by rotating the polarimeter retarder and measuring count rates at 22.5° 
intervals with the linear polarizer pass-axis fi xed parallel to the electron beam. This 
method is advantageous as it allows for simultaneous measurement of all Stokes param-
eters. It also eliminates the potential problem of polarization-sensitive detection, as the 
linear polarizer remains fi xed in place after initial alignment. For each position of the 
retarder, the collision energy is varied and photons are counted. When all preselected en-
ergies have been scanned the retarder is advanced to a new position. After one full rota-
tion of the retarder the source quarter-wave retarder is advanced by 90°, changing the sign 
of the electron beam polarization. Background counts are subtracted from the raw photon 
signal, which is then normalized to beam current and target pressure. 
For this confi guration, the measured relative intensity I ′ can be related to the Stokes 
parameters describing the initial optical state using Mueller matrices. A rotatable retarder 
of retardance δ with its fast axis located at an angle β + β0 acting on the initial state, fol-
Figure 1. Experimental apparatus. 
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lowed by a linear polarizer positioned at an angle α0, yields 
(3) 
where α0, β0, δ, and kinc are constants. Since α0 and β0 are the offset angles for the linear 
polarizer and linear retarder, respectively, they are ideally zero. Their adjustability serves 
to correct for physical misalignments. The retardance is optimally 90° for the wavelength 
of interest, but in practice it must be independently measured. The kinc parameter must 
also be measured and is defi ned as kinc = (k1 − k2) /(k1 + k2), where k1 and k2 are the maxi-
mum and minimum transmittances of completely linearly polarized light. The retarder an-
gle βi = (i − 1) × 22.5°, where i = 1, 2,..., 16. Extracting expressions for Stokes parameters 
are accomplished by multiplying (3) with appropriate sinusoidal terms and summing over 
one full revolution of retarder positions. This gives 
(4)
where f0, f1, f2, and f3 are defi ned as 
Each rotation of the retarder results in one set of Stokes parameter measurements for each 
energy. Final values are obtained by averaging multiple measurements together; the stan-
dard deviation of the mean of these distributions is used to determine uncertainties. We 
applied Chauvenet’s criterion to the data to eliminate occasional grossly erroneous count 
rates from the photomultiplier tube. The parameters α0 and β0 are varied and chosen in 
such a way that the global weighted mean of all P1 values is maximized and the spin-un-
normalized weighted mean of P2 is made zero. The spin-unnormalized value P3 is then 
also found to be zero within its statistical uncertainty. 
To determine the electron beam polarization, the Stokes parameters for the 389 nm 
helium (1s3p) 3 3P → (1s2s) 2 3S transition were measured [23, 24]. The beam polariza-
tion is given by 
(5)
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For the data presented in this paper we measured a beam polarization of Pe = 0.144(4). 
This value is unusually low; normally, we measure beam polarizations between 0.20 and 
0.30. We attribute this discrepancy to the fact that the crystal had been resistively heat-
cleaned many times prior to acquisition of the present data. 
Results and discussion 
Intensity and relative emission 
The Stokes parameter I is a quantity that represents the photon intensity emitted into a 
small solid angle (0.12 steradians in our case). It is not directly proportional to a relative 
emission cross section, as it is dependent on the angular distribution of the atomic radia-
tion. If photons are collected perpendicular to the electron beam direction, the polariza-
tion-independent relative emission cross section Qem is given by [25] 
Qem ∝ I(1 − P1/3).   (6) 
Results from this experiment have not been corrected for the fi nite optical collection angle 
or electron beam divergence because the magnitude of these corrections is within the sta-
tistical uncertainty of the data. The intensity, relative emission cross section and linear po-
larization fraction P1 are all independent of the polarization of the incident electron beam, 
and thus can be directly compared to work done with unpolarized electrons. The graph in 
fi gure 2 shows the relative emission cross section for the He 3 3D → 2 3P transition. The 
values on the y-scale are representative of our experimental collection rate in Hz. The data 
sets of other references were normalized to our lowest energy point. 
Figure 2. Relative emission cross section Qem (in arbitrary units) and Stokes parameters 
P1, P2/Pe and P3/Pe. Our data are shown as empty and fi lled circles (two separate exper-
imental runs), the values of Defrance [10] are displayed as black lines and the work of 
Cvejanović et al. [13, 14] is represented with gray lines. Resonance energies of 57.2 and 
58.3 eV are indicated. 
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Linear polarization P1 
The observed intensity near the resonances can be described by the convolution of an ap-
paratus profi le with a modifi ed Beutler–Fano function of the form 
 (7)
where εr = 2(E − Er)/Γr and Γr is the FWHM of a given resonance with energy Er. Here, 
the r indices 1 and 2 refer to the 2P and 2D peaks, respectively. The dimensionless shape 
parameter is given by qr , and the superscripts indicate the collection of light with linear 
polarization oriented either parallel or perpendicular to the incident electron beam. The 
background far from the resonances is then 
 (8) 
where Ib is treated as a function of energy while I1 and I2 are taken as constants. The “res-
onance polarization” (with ε1 = 0 for the 2P resonance and ε2 = 0 for the 2D resonance) is 
then defi ned by Defrance [10] to be 
 (9)
As pointed out by Batelaan et al. [12], this defi nition of the resonance polarization de-
pends not only on parameters associated with the resonant process, but also on the direct 
excitation cross section. Batelaan et al. [12] have shown that the light intensity for a given 
3 3DML state can be expressed as 
 (10) 
where I dir and I res can be identifi ed uniquely with the direct excitation and resonant ex-
citation processes, and I intsym and I intasym correspond to symmetric and antisymmetric inter-
ference terms. Because I res and I intsym exhibit the same energy dependence, they are not 
distinguishable in the type of experiment discussed in this paper. Equation (9) implicitly 
contains both these terms, and as such cannot be formally identifi ed as the “resonance po-
larization,” i.e., the polarization associated with a purely resonant process. 
This being said, we have evaluated Pr for the sake of comparison with earlier work. 
We not only analyze our data, but also that of Defrance [10] and Cvejanović et al. [13, 14]. 
The data of Batelaan et al. [12] is excluded because we could not obtain it. Resonance po-
larizations are calculated by fi tting data of a given polarization state with a convolution of 
(7) with an apparatus profi le describing the electron beam energy characteristics. In order 
to approximate the electron beam shape profi le, the sum of normalized triangle (T) and 
normalized Lorentzian (L) functions (both with identical widths) is used so that the profi le 
is expressed as wT (E) + (1 − w)L(E), where the weighting factor w obeys 0 ≤ w ≤ 1. The 
convolution of this apparatus profi le with (7) gives a tractable analytical expression [26], 
and the triangle term closely represents the numerical result obtained when using a Gauss-
ian instead. This form is somewhat arbitrary, but it gives reasonable results and, lacking 
detailed knowledge of the beam profi les, seems justifi able. A quadratic form is chosen for 
the background dependence Ib. The resonance widths (0.071 and 0.047 eV [4]) and energy 
separation (1.094 eV [6]) are held fi xed to facilitate convergence. Fitting is done with a 
standard Levenberg–Marquardt algorithm, and after convergence is obtained all parame-
ters are fi xed (assuming zero uncertainty in the fi tting parameters) except for the I1 and I2 
amplitudes. The subsequent error estimates for these values are used to determine the un-
certainty in the resonance polarization. 
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The fi ts are shown in graphs (a)–(c) of fi gure 3. The energy widths of the electron 
beams in the different experiments are thus estimated by us to be 0.29, 0.43, and 0.33 eV, 
and the weighting factors w are approximately 0.3, 1.0, and 0.4 for the data in (a), (b) and 
(c), respectively. The resulting q|| ,┴ values for the 2P state are in the range of –2.6 to –11, 
and for the 2D case lie between –11 and –42 for the fi ts. These are similar to results re-
ported by Defrance and de Froment [9]. The reduced χ2 values for all fi ts in fi gure 3 lie be-
tween 0.14 and 1.2. Previously reported resonant polarizations and the results from our 
fi ts are shown in table 1. 
Comparison of the previously reported results for Pr (upper part of table 1) shows that 
Cvejanović et al. [13] and Batelaan et al. [12] are in close agreement, while Defrance’s 
values are about 3σ away for the 2P resonance and less than 2σ away for the 2D state. This 
seems to indicate that the results of Defrance are in error. By using the same values of the 
resonance widths and separation energy in our fi ts to all the available data, the situation 
changes somewhat (lower part of table 1). Our results for the 2P resonance indicate that 
previous work is in good agreement and that our value is about 2σ larger, while for the 2D 
resonance all polarizations are in reasonable agreement. 
Our data support the interesting conclusion that Pr for both resonances is nearly con-
sistent with the kinematically demanded value for non-interfering resonant state produc-
tion, followed by decay to the He (1s3d) 3D state and an outgoing electron, with the out-
going electron in its lowest allowed angular momentum partial wave [10, 12]. In the case 
of the 2P resonance, this is an l = 1 wave, and Pr is expected to be 0.24 as computed by 
van Ittersum (see [12] and [27]). For the 2D resonance, the outgoing electron can have l 
Figure 3. Graphs (a)–(c) contain parallel and perpendicularly polarized intensities (in ar-
bitrary units) from Defrance [10], Cvejanović et al. [13, 14] and this work, respectively. 
Graph (d) contains our right-and left-handed polarized intensities normalized to electron 
spin. Fits to the data are represented as solid black lines. Resonance energies of 57.2 and 
58.3 eV are indicated. 
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= 0 and for this case Pr should be 0.32 [27] (this is the same as that required for threshold 
polarization of the 3 3D state). This is remarkable because, as mentioned earlier, the use 
of (9) does not allow measurement of the pure resonant polarization. Thus, we conclude, 
as did Batelaan et al. [12], that the symmetric interference contribution I intsym is either 
small or exhibits a similar ML dependence as the resonant I 
res term (which leads to equiv-
alent light polarizations). Higher order allowed outgoing partial waves could also con-
tribute to some extent, which may account for the fact that our measurements are slightly 
lower than the required threshold values. No further conclusions can be drawn from the 
present experiment, but we note that the defi nitive measurement of resonant polarizations 
must involve some mechanism to distinguish between I res and I intsym. The fi tting procedure 
to extract resonant polarizations would also benefi t from increased electron beam energy 
resolution. 
Linear polarization P2/Pe 
Our data for P2/Pe shown in fi gure 2 is comprised of two different experimental runs. 
The fi rst run (open circles) contains more energy steps and greater statistical uncertainty. 
The weighted mean computed using all energies is –0.019(5) for the fi rst data set and –
0.006(3) for the second. Even though the 3 3D state is well-LS coupled, it is possible that 
cascading from higher lying non-well-LS coupled states could produce non-zero values 
of P2 [21]. If this were the case, one would expect the marginally non-zero P2 values ob-
served to be essentially independent of energy over the 55–60 eV range, given that res-
onant cascading is expected to be small (as mentioned in the introduction). We are quite 
certain that the non-zero measured P2 values are not due to stray magnetic fi elds or opti-
cal misalignments, as we have chosen the offset angles in (4) such that P2 is zero for an 
unpolarized electron beam. However, we have no explanation for the statistical inconsis-
tency between the two data sets. Interestingly, the open-circle data fail a Shapiro–Wilk 
normality test at the 0.05 signifi cance level, meaning they do not obey Gaussian statis-
tics. Therefore, we cannot be confi dent that our non-zero values of P2 are indicative of 
cascading from higher lying non-well-LS coupled states, as the data sets are inconsistent 
with each other. 
The question of whether P2/Pe reveals structures at the resonant energies is of greater 
importance. Resonant P2 polarizations can be extracted using a similar procedure as that 
described for P1 polarizations. This gives –0.22(9) and –0.04(3) for the 
2P and 2D reso-
nances, respectively. If there were no magnetic interactions, one would expect zero for 
both resonant polarizations; for the 2P state the extracted value is 2.5σ away from zero. 
However, the fi lled circle data point at the 2P resonance energy in fi gure 2 is 2σ off the 
zero line (which is consistent with the above analysis), but due to the similar scatter of 
other data points, we do not attribute this to a feature. The reduced χ 2 of a linear fi t (with 
zero slope) to the fi lled circle data points is 0.90, which argues against the presence of any 
statistically signifi cant structure. 
Table 1. Linear polarization fractions for the resonances as defi ned by equation (9). 
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Circular polarization P3/Pe 
Figure 2 shows P3/Pe, and there appears to be some structure at the resonance peaks. 
We attribute these features to Coulombic (as opposed to magnetic) interactions. There are 
two reasons for this. First, the lack of any obvious resonance structure in the P2 data indi-
cates that resonant magnetic effects are negligible, as discussed in the introduction. Sec-
ondly, the features we observe are consistent with a resonant cascade-free value of P3. In 
the absence of resonant processes, the direct excitation of the 3 3D state via electron ex-
change produces a kinematically required threshold polarization of 0.25. As cascading be-
comes more important at higher energies (55–60 eV), P3 decreases and we measure it to 
be ~0.19 (fi gure 2). The reduced χ2 value from a linear fi t to the fi lled circle P3/Pe data is 
2.6, strengthening our assertion that the structures are indeed real. 
Using the same techniques as those used for calculating Pr , we determine that the 
“resonance circular polarizations” for the 2P and 2D features are 0.37(6) and 0.26(2), re-
spectively. The fi ts are shown in graph (d) of fi gure 3. Since these are within 2σ of the 
threshold value of 0.25, we argue simply that resonant processes give a value of P3 in 
agreement with cascade-free exchange excitation. This is not surprising, given that no 
variation in P2 (i.e., magnetic precession of electron spin in the transient resonant state) is 
observed. 
Conclusion 
Having found no statistically signifi cant structure for Stokes parameter P2 in the helium 
3 3D → 2 3P transition, we conclude that magnetic spin–orbit interactions in the nega-
tive-ion (2s22p) 2P and (2s2p2) 2D resonant states are not important and present an up-
per bound of P2/Pe ≤ 0.02 for this effect. Measured values for the linear “resonant polar-
ization” fractions as defi ned by Defrance are consistent with the kinematically required 
threshold values for 3 3D → 2 3P radiation, assuming the outgoing electron is in the low-
est allowed angular momentum state. Our values for the circular “resonant polarization” 
are in fair agreement with the threshold value required by exchange excitation of the 3 
3D state, with the caveat that the computed resonance polarizations are not solely due to 
polarization from resonance state decays, but in principle can be coupled to polarization 
from the direct excitation of the 3 3D state through interference phenomena. 
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